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ABSTRACT 
 
 
 
Nguyen, Jaclyn N. M.S., Purdue University, August 2012. Heterologous 
Complementation in Yeast Reveals the Solute Specificity of a Nucleobase Cation 
Symporter 1 (NCS1) from Nicotiana tabacum. Major Professor: George S. Mourad. 
 
 
 
 The use and importance of nucleobases and nucleosides can never be understated 
due to their plethora of contribution to the vitality of all organisms. Their de novo 
synthesis and salvage is compartmentalized within cells, and their transport intercellular 
transport serves the biochemical needs of distant cells. This intra- and inter-cellular type 
of communication is mediated by nucleobase/nucleoside transporters, which are 
ubiquitous in life. The necessity of transporters is reflected in all genomes, which can 
code up to 10% of proteins involved with transport. In Arabidiopsis thaliana alone, there 
are six families have been shown to code for transporters of nucleobases, and the families 
also overlap in solute specificity. This study will focus on the Nucleobase Cation 
Symporter-1 (NCS1). The sole of the NCS1 family in A. thaliana (AtNCS1) has recently 
been shown to transport adenine, guanine, and uracil (Mourad et al., 2012). The objective 
of this study is to characterize an NCS1 protein in Nicotiana sylvestris (NsNCS1), which 
has been found to have high amino acid similarity to AtNCS1. Using heterologous 
complementation in Saccharomyces cerevisiae, this study will demonstrate that NsNCS1 
has similar solute specificities as AtNCS1 by being able to transport adenine, guanine, 
and uracil. In addition to this, competition studies will show the ability of NsNCS1 to 
bind to other solutes. Overall this study will contribute to an understanding of how NCS1 
has evolved in the plant kingdom.  
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CHAPTER 1. INTRODUCTION 
 
 
 
Role of Nucleobases 
 A substantial amount of biochemical processes in living organisms requires the 
proper biosynthesis, transport, and metabolism of nucleobases and nucleosides. An 
example includes the creation of cofactors like nicotinamide, flavine coenzymes, and 
coenzyme A that allow biochemical processes to proceed, and all include the 
incorporation of purines and pyrimidines (Boldt & Zrenner, 2002). In addition to this, a 
necessary component for many biochemical processes is the use of energy molecules. 
Adenosine triphosphate is a major energy carrier, and its structure requires the nucleoside 
adenosine. Even further beyond playing essential roles in biochemistry, nucleobases 
serve as informational reservoirs by being the building blocks of DNA or being involved 
in DNA-synthesizing organelles (Zrenner et al., 2006). Along with serving a purpose in 
the creation of molecules or macromolecules like DNA, carbohydrates, and 
phospholipids, nucleobases can be metabolized or broken down into smaller components 
for other reactions. When nucleobases are broken down, they may release a lot of 
nitrogen, which can be used to build protein or cell structures, and carbohydrates. These 
are just a few examples of how nucleobases function in organisms and how their 
importance cannot be underestimated.  
 
Salvage and de novo Synthesis of Nucleobases 
 It is then clear that nucleobases are a necessity in all living organisms, but before 
they can play their part they need to be created. Nucleobase metabolism can be divided 
into four broad categories: de novo synthesis, nucleotide degradation, salvage pathway, 
and phosphotransfer reactions (Zrenner et al., 2006). Here we will discuss de novo 
synthesis, which is the creation of pyrimidines and purines “from scratch”, and salvage 
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reactions, which recycle nucleosides and free bases formed by degradation pathways 
(Zrenner et al., 2006).  
 Purine and pyrimidine de novo synthesis will proceed by two different pathways, 
and certain parts of the de novo synthesis pathways will require different subcellular 
locations. However, both de novo pathways will begin in the plastid or mitochondria, and 
then the cytosol. Consequently, transport across biological membranes is regional. 
However, is not clear what is involved in the transport of nucleobases and nucleosides 
between locations within the cell (Maurino et al., 2006). In addition, while formation of 
nucleobases via de novo synthesis is required for certain parts of development for specific 
cells or tissues, this type of pathway uses a large amount of energy. As such, it cannot be 
used for all types of nucleobase synthetic reactions.  
To help conserve energy, salvage reactions are used through the recycling of 
nucleosides and free bases. An example of this is salvage of the pyrimidine uracil into 
uridine monophosphate (UMP), which is phosphoribosyl pyrophosphate (PRPP) 
dependent. UMP can then be used as a precursor for many other biochemical reactions, 
when normally it would have needed six previous steps to create UMP through de novo 
synthesis (Zrenner et al., 2006). Where there is a high demand for nucleotides there is 
usually the involvement of salvage reactions. In plants, this may be in sink tissues where 
seeds are germinating or in pollen grains. Salvage reactions will also occur in the cytosol 
within the xylem and adjacent cells of plants (Zrenner et al., 2006). Overall, the use of de 
novo and salvage pathways will depend on what is required by the organism, but there 
will always be a balance maintained between the efficient use of energy and the 
biosynthesis of necessary molecules.  
 
Nucleobase and Nucleoside Transporters 
Before, during, and after biochemical reactions that create nucleobases and 
nucleosides, there needs to be something that shuttles the components intra- and inter-
cellularly. As previously discussed, certain parts of a biochemical pathway take place in 
various parts of a cell, denoting sub-compartmentalization. After a nucleotide or 
nucleoside is made, it may also need to be taken out of the cell to other tissues. In both 
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cases this requires traversing a hydrophobic cell membrane. How much of a contribution 
transporters in general have has been analyzed in several different genomes of bacteria, 
archeae, and eukarya. It has been shown from these studies that as much as 10% of 
proteins that are encoded within an organism’s genome has a function in transporting (de 
Koning & Diallinas, 2000). Relevant to this study, transporter genes that have previously 
been identified in Saccharomyces cerevisiae are the Fur4, which encodes a uracil 
transporter, and Fcy2, which encodes for a adenine, guanine, cytosine, and hypoxanthine 
transporter (Jund and Lacroute, 1970; Polak and Grenson, 1973; Jund et al., 1977; 
Chevallier, 1982; Schmidt et al., 1984).  
The importance of nucleobase and nucleoside transporters is reflected in 
Arabidopsis thaliana where there are six different gene families that encode for 
transporter proteins. Two of these families are unique to plants and they are the Purine 
Permeases (PUP) and the Ureide Permeases (UPS). The remaining four families have 
orthologs in prokaryotes and eukaryotes, and they are the Nucleobase Ascorbate 
Transporters (NAT), the Equilibrative Nucleoside Transporters (ENT), the AzgA-like 
family, and the Purine-Related Transporters or the Nucleobase Cation Symporter-1 
(NCS1). Most of these families have had several of their members characterized for 
specific solute specificities. The emerging picture showed a pattern of overlapping solute 
transport specificities denoting redundancy. An example of this includes the PUP and 
AzgA transporter families being able to both transport adenine (Gillissen et al., 2000; 
Mansfield et al., 2009). This demonstrates a form of evolution in nucleobase transporter 
families where duplication of genomes and then subsequent divergence has occurred.  
 
The Nucleobase Cation Symporter-1 Family (NCS1) 
 There are over two hundred sequenced proteins from bacteria, archaea, yeast, 
fungi, and plants in NCS1. Some of the solutes these proteins have been found to 
transport are purines, cytosine, uracil, allantoin, uridine, or thiamine (Amillis et al., 
2007). In the past, members of the phylum Ascomycota have been well characterized for 
their NCS1 family member solute specificities, and also analyzed for phylogenetic 
linkages. This study will use one of the members, S. cerevisiae, which as previously 
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mentioned to contain Fur4 and Fcy2 genes belonging to the NCS1 family (Chevallier et 
al., 1975). In plants, NCS1 protein transporters are less well studied. Most recently, a 
paper published by Mourad et al. (2012) characterized the sole NCS1 gene in A. thaliana 
(At5g03555) that encodes a protein with an amino acid sequence similar to Fur4 (Jund et 
al., 1988).  In planta studies and heterologous complementation using S. cerevisiae 
characterized AtNCS1 as a transporter for adenine, guanine, and uracil (Mourad et al., 
2012). Within the same paper, other organisms within the Plantae kingdom were 
predicted to have amino acid sequence homology to AtNCS1. 
 
Objective 
 In Mourad et al. (2012), one of the plants predicted to contain a homolog of NCS1 
was Nicotiana sylvestris or tobacco. This plant is a member of the flowering plants 
(Magnoliophyta) and is a dicot (Magnoliopsida). It is within the family Solanaceae, 
which is also known as the potato family. N. sylvestris is a diploid (2n=24) and parent of 
the common tetraploid N. tabacum (Wu et al., 2009).  
 The purpose of this study was to determine the solute specificity of N. sylvestris 
using S. cerevisiae and similar heterologous complementation experiments as in Mourad 
et al. (2012). Results of these assays will be used to compare the phylogenetic 
relationship and evolutionary relatedness between the NCS1 transporter protein from N. 
sylvestris (NsNCS1) and AtNCS1. 
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CHAPTER 2. MATERIALS AND METHODS 
 
 
 
Materials 
 Nicotiana sylvestris clones containing the NsNCS1 coding region were purchased 
from the Leaf Tobacco Research Center, Japan Tobacco Inc. (Oyama, Tochigi, Japan) 
and Advance Technologies (Cambridge, UK, CB4 0WA). Cloning of the plasmid was 
performed using DH5α competent cells (Invitrogen). Subsequent DNA extractions were 
done using Qiagen Spin Miniprep Kits (Germantown, MD). Toxic analogs used were 8-
Azaadenine (Tokyo Chemical Industry), 8-Azaguanine (MP Biochemicals), 5-
Fluorocytosine (Tokyo Chemical Industry), and 5-Fluorouracil (MP Biochemicals). 3H 
tritium compounds used were [2,8-3H]adenine, [8-3H]guanine, and [5,6-3H]uracil 
(Moravek Biochemicals).  
 
Construction of Yeast Plasmids 
N. sylvestris cDNA clones were selected in silico based on highest amino acid 
sequence similarity to AtNCS1. Dr. Neil Schultes’ lab of the Connecticut Agricultural 
Experiment Station isolated genomic DNA from N. sylvestris and the coding region of 
NsNCS1 was amplified using primers NsNCS1A and NsNCS1B. The primer sequences 
are based upon sequences of N. sylvestris cDNA clones TBK01A01NGRL0070_3_G09 
(capturing 5’ end of AtNCS1) [GenBank # FS398035.1] and TT-48_N15 (capturing 3’ 
end of AtNCS1) [GenBank # FG638486.1]. The coding region was then ligated into yeast 
expression plasmid pRG399, which is based on multicopy yeast shuttle vector pRS424 
(Christianson et. al., 1992). The vector contains a Saccharomyces cerevisiae high 
expression level promoter from the PMA1 locus (Serrano et al., 1995). Construction of 
the yeast plasmid containing NsNCS1 was done by Dr. Schultes’ lab with reverse 
transcriptase polymerase chain reaction (RT-PCR) using primers NsNCS1A 
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5’CCGCTCGAGATGGTGTCCAATTCTCTCAACTTAT 3’  and NsNCS1B 5’ 
ATAAGAATGCGGCCGCCTAAGATGCATTAGGCAGCAAAGG 3’. The primers 
were used to amplify genomic DNA from N. sylvestris. The resulting PCR product was 
treated with restriction enzymes Xho I and Not I, and cloned into Xho I and Not I sites of 
pRG399 to create plasmid pNS483. The finished plasmid was sent out for sequencing of 
the NsNCS1 coding region.  
 
Transforming pNS483 into Escherichia coli and Sizing pNS483 Plasmid Insert 
 Plasmid pNS483 was transformed into DH5α strains of E. coli in order to 
propagate more plasmid stock. Luria Broth (LB) [2.5% LB media] and LB plus agar 
plates [4.0% LB with agar media, 0.1% Ampicillin (50mg/mL)] were made for growing 
transformed pNS483 plasmid in DH5α competent cells. A ratio of 1μL of Ampicillin 
[50mg/mL] was added per 1mL of LB Broth immediately before each use. 
 One μL of pNS483 was added to 50μL of DH5α competent cells with 25μL as a 
control in a separate eppendorf tube. Samples were placed on ice for 15 minutes and then 
heat shocked at 42 oC for 45 seconds and then placed on ice for 2 minutes. 0.5 mL of 
Super Optimal Broth were aliquoted to both samples and incubated at 37 oC for 55 min. 
DH5α/pNS483 cells and control DH5α competent cells were plated on LB with 
ampicillin plates and incubated at 37 oC overnight. A successfully transformed colony 
was taken and propagated in LB broth with ampicillin overnight (~18hr). Extraction of 
pNS483 was done using a Qiagen QIAprep spin Miniprep kit. Quantification of pNS483 
plasmid DNA was done using the NanoDrop Spectrophotometer (ND-1000). Restriction 
enzyme digest was done to linearize pRG399 and separate the NsNCS1 coding region 
from the plasmid to make sure that the coding region was in fact present in the plasmid. 
The digest used 1 μL of Buffer D, plasmid DNA pNS483, BSA (9:1), 5 μL
of ddH2O, and 1 μL of Xho I and Not I. Incubation of the digest was done at 37 oC for 1.5 
hr. To the digest 5 μL of loading dye and was added and ran on a 0.7% agarose gel.  
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Yeast Transformation and Media 
 Yeast strains of S. cerevisiae used during the experiment were RG191 [Mat a, 
fcy2Δ::kanMX4, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0] (Winzeler et al., 1999), FY1679-5C 
[MAT a leu2Δ1, his2Δ200, ura-52] (Wagner, et al., 1998), and NC122-sp6 [Mat α leu2Δ, 
fur4Δ] (Jund et al., 1988). Yeast strains were grown on Synthetic Complete (SC) media at 
30 oC [0.67% nitrogen base, 2% glucose, amino acid mix (his, ura, met, leu), 1.8% bacto 
agar]. The lithium acetate method was used to transform pNS483 into RG191 and 
NC122-sp6 (Gietz et al., 2002). Yeast expression vector pRG399 containing plasmid 
pNS483 allows complementation of the deleted LEU2 gene in RG191 and NC122-sp6. 
Since RG191 and NC122-sp6 cannot synthesize leucine, they must be plated on SC 
media containing leucine in order to grow. Transformed lines showed the ability to grow 
on SC media without leucine, which confirmed that the plasmid was successfully 
transformed into the yeast strain.  
 
Toxic Analog Growth Assays 
 Transformed S. cerevisiae strands expressing NsNCS1 and controls were grown 
on toxic purine and pyrimidine analogs to qualitatively characterize solute specificities. 
Controls used were RG191 deficient for transporter gene fcy2 (adenine, guanine, and 
cytosine transporter), NC122-sp6 deficient for fur4 transporter gene (uracil transporter), 
and wild type FY1679-5C (wild type for Fcy2 and Fur4). RG191 and NC122-sp6 were 
transformed with either empty expression vector pRG399 as a negative control, or 
pRH369 containing the AtNCS1 coding region as a positive control. Overnight cultures 
were harvested by centrifugation and diluted in ddH2O to an OD600 of 0.7 (10,000 
cells/μL) and serially diluted to 1000, 100, and 10 cells/μL. Yeast strains were grown on 
SC media containing increasing concentrations of 8-Azaadenine and 8-Azaguanine (0, 1, 
2, 3, 4 mM), 5-Fluorocytosine (0, 100, 200, 400 μM), and 5-Fluorouracil (0, 1, 5, 10 μM). 
All strains were grown at 30 oC for 3-4 days before pictures were taken.   
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Radionucleobase Uptake by Yeast Expressing NsNCS1 
 Uptake experiments using 3H tritium were performed to quantitatively examine 
the solute specificities of NsNCS1. Overnight cultures of yeast cells in SC media were 
harvested by centrifugation and washed and re-suspended in 100 mM citrate buffer (pH 
3.5, containing 1% glucose at an OD600 of 12). The solution of cells was diluted at an 
OD600 as close to 3.999 as possible using the 100 mM citrate buffer. The yeast suspension 
was then pre-incubated for five minutes at 30 oC immediately prior to use in the assay. 
Concentrations of tritiated nucleobases used were at 0.25 μM for [2,8-3H]adenine, [8-
3H]guanine, or [5,6-3H]uracil. Each reaction required a 1:1 ratio of yeast suspension to 
citrate buffer containing radionucleobases mixed together. The radionucleobase mixture 
with citrate buffer contained a concentration of 0.50 μM [2,8-3H]adenine, [8-3H]guanine, 
or [5,6-3H]uracil. Sampling took place at 0 and 5 min. with each sample being 25 μL to 
adjust for pipetting errors. Zero time samples were taken immediately after addition of 
cells to the radionucleobase-citrate buffer mixture, and at 5 min. after incubation at 30 oC. 
A total of three replications were performed for each time sampling per yeast strain. 
Samples were placed in 4 mL of ice-cold purified water to stop reactions. 
Radionucleobase experiments using [5,6-3H]uracil were stopped using 200 μL of 0.4 M 
uracil in 4 mL of ice-cold water. All samples were filtered through a 0.45 μm membrane 
filter and then washed with 8 mL of water. The filters were then placed in scintillation 
tubes with 3 mL of scintillation fluid (EcoLume). Radioactivity was measured using a 
scintillation counter (Beckman LS 6500). Readings were done once after filtration and 
then again 12 hr. later.  
 
[8-3H]guanine Time Course 
 A time course was performed for [8-3H]guanine uptake in NsNCS1 at times 0, 5, 
10, 20, 30, 40, 50 min. Set up and sampling reflects that of the previous radiolabeled 
uptake experiments mentioned.  
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Competitive Inhibition in the Presence of Tritiated Guanine or Uracil 
 Competitive assays were performed to observe which other solutes competed for 
binding of the NsNCS1 transmembrane protein in the presence of tritiated guanine or 
uracil. Solutes used for [8-3H]guanine competitive inhibition were non-tritiated guanine, 
adenine, cytosine, hypoxanthine, xanthine, caffeine, thymine, ascorbic acid, and 
allantoin. Solutes used for [5,6-3H]uracil competitive inhibition were non-tritiated uracil 
and uric acid. Guanine competitors were present at a 5000-fold concentration compared 
to [8-3H]guanine, and uracil competitors were present at a 7500-fold compared to [5,6-
3H]uracil concentration. Both competitors and tritiated nucleobases were present at the 
start of reaction when RG191/pNS483 or NC122-sp6/pNS483 yeast cells were added. 
Incubation took placed at 30 oC for 5 min. for each reaction. Samplings were done as 
previously mentioned in radiolabeled uptake experiments.  
 
Statistical Analysis 
 Statistical analysis was done using a paired t-test for three independent 
experiments. A 95% or 90% confidence interval was used to determine statistical 
significance (p≤ 0.05 or p≤ 0.10). Errors bars indicated standard deviations to the mean.  
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CHAPTER 3. RESULTS 
 
 
 
In silico Analysis and Gel Electrophoresis Confirm  
Presence of the NsNCS1 Coding Region 
 The NsNCS1 coding region was found by DNA sequence analysis using 
Phytozome or PlantGDP. The subsequent in silico translation of NsNCS1 was compared 
to other NCS1 amino acid sequences from Solanum peruvianum and lycopersicum, and 
Arabidopsis thaliana (Figure 1). Between the four samples, there is about a 77.08% 
similarity (Figure 1). A majority of the amino acid similarity occurs in the middle of the 
sequences noted by red/* (identical), green/: (highly conserved), and blue/. amino acids 
(somewhat conserved). Sequencing also puts NsNCS1 at about 1653 bp. Gel 
electrophoresis was able to confirm the presence of NsNCS1 in pRG399 after linearizing 
the DNA from pRG399, and determine a band size at about 1600 bp. (Figure 2).  
 
NsNCS1 is Sensitive to Toxic Purine Analogs and 5-Fluorouracil 
 Plating transformed yeast lines on toxic analog provided the ability to 
preliminarily assay the solute specificities of NsNCS1. RG191/pNS483 was sensitive to 
8-Azaadenine at high concentrations (Figure 3). RG191/pNS483 was also sensitive to 8-
Azaguanine as increasing concentrations demonstrated less cell growth (Figure 4). These 
results indicate that NsNCS1 is capable of taking up purines adenine and guanine. All 
plated controls of RG191 and RG191 transformed with empty plasmid pRG399 grew 
consistently with increased toxic analog concentrations as expected due to the fcy2 
deletion (Figure 3-5). RG191/pRH369 positive controls had reduced growth with 
increase toxic purine concentrations since it has previously shown the ability to take up 
adenine and guanine (Mourad et al., 2012).  Toxic analog assays with pyrimidines 
demonstrated that NsNCS1 is capable of taking up uracil but not cytosine (Figure 5-6). 
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RG191/pNS483 was strongly resistance to 5-Fluorocytosine (5-FC), which suggests that 
cytosine transport may not occur by N. sylvestris NCS1 (Figure 5). Control strain 
FY1679-5C is a wild type strain containing Fur4 and Fcy2, and when plated on 5-FC it 
behaved accordingly by taking up 5-FC and dying with increased concentrations of 
toxicity (Figure 5). RG191/pRH369 had not demonstrated the ability to take up 5-FC as 
well corresponding to what was found in Mourad et al. (2012). So, it also behaved as 
expected by growing consistently despite the presence of toxic analog (Figure 5). Strains 
used for 5-Fluorouracil (5-FU) assays were transformed with NC122-sp6, which lacks 
fur4, a uracil transporter. NsNCS1 displayed the ability to take up uracil by growth 
inhibition that occurs with increased 5-FU concentrations (Figure 6). Control NC122-sp6 
grew somewhat consistently and when transformed with pRG399 did not exhibit any 
sensitivity to 5-FU as expected (Figure 6). NC122-sp6/pRH369 (AtNCS1) has been 
proven the ability to take up uracil, and this was reflected as a positive control on the 5-
FU assay for NsNCS1 as well (Mourad et al., 2012). In summary, qualitative evidence 
using toxic purine and pyrimidine analogs has preliminarily shown that NsNCS1 
transports adenine, guanine, and uracil.  
 
Radionucleobase Uptake Confirms NsNCS1 Solute Specificities 
 Tritiated uptake revealed quantitatively the solute specificities of NsNCS1. Since 
adenine, guanine, and uracil were taken up by NsNCS1 in the toxic analog growth 
experiments, their tritiated versions were used for radionucleobase uptake. All uptake 
experiments compared the ability to take up tritiated compounds using RG191/pNS483 or 
NC122-sp6/pNS483 versus the controls RG191 or NC122-sp6. NsNCS1 displayed strong 
solute specificity for purines adenine and guanine (Figure 7-8). Uptake using [2,8-
3H]adenine resulted in RG191/pNS483 taking up 98.2% (p=0.09) more than the control 
RG191 at 5 min. of incubation (Figure 7). Similarly, RG191/pNS483 was able to take up 
82.7% (p=0.003) more [8-3H]guanine than the control at 5 min. of incubation (Figure 8). 
A time course for [8-3H]guanine revealed a linear relationship up until about 30 min. 
(Figure 9). Radionucleobase uptake using [5,6-3H]uracil demonstrated that at 5 min. 
NC122-sp6/pNS483 took up 59.1% (p=0.015) more than the control NC122-sp6 (Figure 
	 12
10). Overall, radionucleobase assays have confirmed that NsNCS1 can transport adenine, 
guanine, and uracil.  
 
Various Solutes Compete for Binding of NsNCS1 in the  
Presence of Tritiated Guanine or Uracil 
 Several non-tritiated solutes were used in the presence of [8-3H]guanine or [5,6-
3H]uracil in order observe if NsNCS1 can possibly transport other solutes. Uptake was 
measured by percentages in comparison to tritiated controls (100%). Competitors used in 
the presence of [8-3H]guanine were all at a 5000-fold concentration compared to the 
concentration of tritiated guanine present. Solutes that inhibited tritiated guanine uptake 
by binding to NtNCS1 were cold guanine (36%, p=0.02), adenine (25%, p=0.01), 
cytosine (51%, p=0.01), hypoxanthine (58%, p=0.06), and xanthine (26%, p=0.01) 
(Figure 11). Non-competitors were caffeine (113%), thymine (101%), ascorbic acid 
(133%), and allantoin (152%) (Figure 11).  
 Competitors used in the presence of [5,6-3H]uracil were cold uracil and uric acid. 
These solutes were present at a 7500-fold concentration in comparison to [5,6-3H]uracil. 
Both inhibited the uptake of tritiated uracil at 5 min. of incubation (Figure 12). Uracil 
was 11.63% (p= 0.006)and uric acid was 12.70% (p=0.001) that of [5,6-3H]uracil uptake 
(Figure 12).  
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Figure 1. Sequencing and amino acid comparisons between species of Solanum 
peruvianum, Solanum lycopersicum, NsNCS1 (550xxx0), and AtNCS1. Red letters or * 
indicate identical amino acid residues. Green letters or : indicate different but highly 
conserved amino acids. Blue letters or .  define amino acids that are somewhat similar. 
Approximately 77.08% of amino acids are conserved. Overall, selection of NsNCS1 
clones were appropriate for experimentation due to its strong amino acid similarity to 
AtNCS1.  
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Figure 1, continued. 
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Figure 2. Restriction enzyme digest of pNS483 with Xho I and Not I. The digest was 
mixed with loading dye and ran in a 0.7% agarose gel for 60 min. at 80 V. The 1,600 bp 
band is NsNCS1, which is 1653 bp in sequencing. The 6,900 bp band is approximately 
the size of pRG399. This confirms the presence of NsNCS1 in pRG399.  
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Figure 3. Growth of S. cerevisiae expressing NsNCS1 on 8-Azaadenine (8-AzaA). 
RG191/pNS483 expressing NsNCS1, and transformed strains of RG191 with empty 
plasmid vector pRG399 and AtNCS1 expressing plasmid pRH369 were grown on SC-leu 
media containing increasing concentrations of 8-AzaA. RG191 was grown on SC+leu 
media with increasing 8-AzaA concentration. Each sample is 30 μL of yeast cells in 
ddH2O suspension.  
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Figure 4. Growth of S. cerevisiae expressing NsNCS1 on 8-Azaguanine (8-AzaG). 
RG191/pNS483 expressing NsNCS1, and transformed strains of RG191 with empty 
plasmid vector pRG399 and AtNCS1 expressing plasmid pRH369 were grown on SC-leu 
media containing increasing concentrations of 8-AzaG. RG191 was grown on SC+leu 
media with increasing 8-AzaG concentration. Each sample is 30 μL of yeast cells in 
ddH2O suspension. 
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Figure 5. Growth of S. cerevisiae expressing NsNCS1 on 5-Fluorocytosine (5-FC). 
RG191/pNS483 expressing NsNCS1 and AtNCS1 expressing plasmid pRH369 were 
grown on SC-leu media containing increasing concentrations of 5-FC. RG191 and wild 
type FY1679-5C (FUR4, FCY2) were grown on SC+leu media with increasing 5-FC 
concentration. Each sample is 30 μL of yeast cells in ddH2O suspension. 
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Figure 6. Growth of S. cerevisiae expressing NsNCS1 on 5-Fluorouracil (5-FU). NC122-
sp6/pNS483 expressing NsNCS1, and transformed strains of NC122-sp6 with empty 
plasmid vector pRG399 and AtNCS1 expressing plasmid pRH369 were grown on SC-leu 
media containing increasing concentrations of 5-FU. NC122-sp6 was grown on SC+leu 
media with increasing 5-FU concentration. Each sample is 30 μL of yeast cells in ddH2O 
suspension. 
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Figure 7. Uptake of [2,8-3H]adenine by S. cerevisiae expressing NsNCS1. Error bars 
indicate standard error of the mean. *P = 0.09 when comparing RG191 to 
RG191/pNS483 at 5 min. Statistical analysis used a paired independent t-test and 
significance was measured at P = 0.10. 
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Figure 8. Uptake of [8-3H]guanine by S. cerevisiae expressing NsNCS1. Error bars 
indicate standard error of the mean. *P = 0.003 when comparing RG191 to 
RG191/pNS483 at 5 min. Statistical analysis used a paired independent t-test and 
significance was measured at P = 0.05. 
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Figure 9. [8-3H]guanine time course. Uptake of [8-3H]guanine in RG191/pNS483 was 
measured at 0, 5, 10, 20, 30, 40, and 50 min. Points represent an average of three 
independent trials. Standard error bars represent standard error to the mean.  
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Figure 10. Uptake of [5,6-3H]uracil by S. cerevisiae expressing NsNCS1. Error bars 
indicate standard error of the mean. *P = 0.015 when comparing NC122-sp6 to NC122-
sp6/pNS483 at 5 min. Statistical analysis used a paired independent t-test and 
significance was measured at P = 0.05. 
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Figure 11. Competition of other solutes with [8-3H]guanine for uptake by NsNCS1. All 
bars are the result of averaging three independent trials. Statistical analysis was done on 
solutes that competed with the control for binding by using a paired independent t-test 
and significance was measured at *P = 0.05 and*P=0.10. Standard error bars represent 
standard error of the mean.  
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Figure 12. Competition of other solutes with [5,6-3H]uracil for uptake by NsNCS1. All 
bars are the result of averaging three independent trials. Statistical analysis was done on 
solutes that competed with the control by using a paired independent t-test and 
significance was measured at *P=0.05. Standard error bars represent standard error of the 
mean. 
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CHAPTER 4. DISCUSSION 
 
 
 
Heterologous Complementation in Yeast Reveals the Solute Specificities of NsNCS1 
It was hypothesized that NsNCS1, given its high protein sequence similarity to 
AtNCS1, would also transport adenine, guanine, and uracil. The same general 
methodology in Mourad et al. (2012) for heterologous complementation in 
Saccharomyces cerevisiae was implemented for solute specificity analysis of NsNCS1. 
Results would contribute to creating a phylogenetic tree of how NCS1 has evolved in 
plants over time. 
The use of Saccharomyces cerevisiae in these assays was beneficial in that the 
organism has been well studied as a single celled eukaryote, and results can be obtained 
in a matter of 2-3 days. In addition, S. cerevisiae has its genome fully sequenced and has 
homologues of the NCS1 family. As mentioned earlier, S. cerevisiae NCS1 homologues 
FCY2 and FUR4 have been characterized in transporting adenine-guanine-cytosine-
hypoxanthine and uracil, respectively. Therefore, by using yeast deficient in fur4 and fcy2 
genes, it can be seen of NsNCS1 is able to replace those functions. Taking a gene out of a 
plant and placing it in another organism like yeast can also eliminate any effects caused 
by redundancies between families that may also transport the tested solute.  
In silico analysis using protein Blast revealed clones of Nicotiana sylvestris with 
amino acid similarity to AtNCS1. After cloning the NsNCS1 region into pRG399 by Dr. 
Schultes’ lab, the plasmid pNS483 (550) was created. It was then sent out to be 
sequenced for amino acid comparisons to AtNCS1, and NCS1 protein sequences of 
Solanum lycopersicum and Solanum peruvianum, which are species of tomato. 
Comparisons between the four NCS1 protein regions revealed approximately 77.08% 
amino acid similarity (Figure 1). Restriction enzyme digest and gel electrophoresis 
ensured that pRG399 contains the NsNCS1 coding regions for subsequent uptake assays
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Toxic analog work qualitatively showed that NsNCS1 was able to transport 
adenine, guanine, and uracil, but not cytosine (Figure 3-5). However, toxic analog assays 
sometimes do not tell the entire story. An example of this can be seen in the low 
sensitivity that can sometimes occur when using analogos of nucleobases, such as that 
observed in the toxic analog uptake assay using 8-Azaadenine. This uptake was done 
several times with results that were debatable when it came to deciding if there was in 
fact uptake, or if the toxic analog was just leaking through the cell membrane. The 
replacement of carbon for nitrogen or fluorination in order to toxify a nucleobase could 
change the confirmation of the solute in a way that makes the transporter unable to catch 
the solute as well. By using solutes that are tritiated, there is less room for error when it 
comes to false positives or negatives as long as the experiment is done correctly. Tritiated 
nucleobase experiments were able to confirm NsNCS1’s ability to take up adenine and 
guanine. Uptake of [2,8-3H]adenine and [8-3H]guanine in RG191/pNS483 cells was as 
much as 98.2% and 82.7% higher than that of the control RG191, respectively (Figure 7-
8). These results strongly clarify any vague interpretations from the toxic analog assays.  
 Toxic analog results for 5-Fluorouracil (5-FU) revealed that NsNCS1 may be 
capable of uracil uptake (Figure 6). However, negative control NC122-sp6 showed some 
uptake of 5-FU despite having a fur4 deletion. It can be debated that the uptake of 5-FU 
seen with NC122-sp6/pNS483 was due to an issue with the NC122-sp6 control. 
However, it also appears that with the introduction of NsNCS1, the uptake of 5-FU occurs 
at an even faster rate than with NC122-sp6. This would then suggest that NsNCS1 is 
assisting in the transport of 5-FU into the cell. Although this interpretation is hard to 
uphold with solely the toxic analog results, radiolabeled uptake using [5,6-3H]uracil 
confirms that NsNCS1 is capable of moving uracil by transporting 59.1% more tritiated 
uracil than the NC122-sp6 control (Figure 10). In summary these results accept the 
hypothesis, which states that NsNCS1 transports adenine, guanine, and uracil.  
 
Competitive Studies Reveal NsNCS1’s Capability of Binding to Other Solutes 
 Competition studies were done by adding to citrate buffer a 5000- or 7500-fold 
concentration of competitors to radionucleobases guanine and uracil, respectively. 
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RG191/pNS483 or NC122-sp6/pNS483 yeast cells were added to a radioactive citrate 
buffer mix to achieve a 1:1 ratio. During incubation for 5 min., a true competitor and [8-
3H]guanine or [5,6-3H]uracil would compete for binding to the NsNCS1 transporter 
protein. Competition was measured by comparing the radioactivity of samples containing 
competitors to a control that had only [8-3H]guanine or [5,6-3H]uracil and yeast cells, and 
a percentage uptake was obtained. Statistically low uptake percentages would mean that 
the NsNCS1 transport protein was actively binding both the competitor and the tritiated 
nucleobase. Thus, there would be less transport protein available to bind to the tritiated 
compound and consequently less radioactivity measured from inside the yeast cells. By 
these standards, other solutes that were able to compete with [8-3H]guanine were adenine, 
cytosine, hypoxanthine, and xanthine (Figure 11). Competition studies for [5,6-3H]uracil 
also revealed that uric acid was a competitor (Figure 12).  
 Whether or not these competitors were transported into the yeast cells will need a 
different type of experiment. One type of assay would use more radionucleobase uptake 
experiments with the only difference is using tritiated cytosine, hypoxanthine, xanthine, 
and uric acid. Another approach would be to do a sole nitrogen source uptake experiment. 
This would entail making media with only the testing solute as a nitrogen source. In this 
case, the yeast cells would have to take up the nucleobase in order to have a supply of 
nitrogen and it would be reflected by seeing growth of yeast cells.  
 
The Evolution of NCS1 in Fungi versus Plants 
There are over 1000 sequenced proteins so far belonging to the Nucleobase 
Cation Symporter-1 (NCS1)/Purine Related Transporters (PRT) family. These proteins 
have been derived from bacteria, archaea, yeast, fungi, and plants (Saier et al. 2006; Saier 
et al., 2009). Proteins of this family are usually 419-635 amino acid residues long and 
some have already been characterized in using a H+ symporter as secondary active 
transport (Saier et al. 2006; Saier et al., 2009; Mourad et al., 2012). NCS1 may be 
distantly related to the Nucleobase Ascorbate Transporter (NAT)/NSC2 family due to 
sequence similarities found between amino acid sequences, which code for proteins 
transporting the same solutes (Saier et al., 1999).   
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Overall, NCS1 transporters function in salvage pathways for nucleobases and 
similar metabolites (Zrenner et al., 2006). Characterization of this family started over two 
decades ago with S. cerevisiae. Since then, they have been found to recognize adenine, 
guanine, cytosine, uracil, uric acid, xanthine, hypoxanthine, allantoin, uridine or 
thiamine, and possibly several other nucleobases and related metabolites (Amillis et al., 
2007; Saier et al., 1999). NCS1 transport proteins have been characterized more so in the 
phylum Ascomycota (fungi) than in plants, but this has revealed some interesting patterns 
in the evolution of NCS1 solute profiles. Functional and amino acid sequence analysis in 
fungi have revealed twelve members of the NCS1 family in Aspergillus nidulans. Within 
the family, there are seven members that cluster with the Fur homologues and five that 
cluster with Fcy homologues. Hamari et al. (2009) characterized the seven members of 
the Fur homologues, and found that FurA was a allantoin transporter, while Amillis et al. 
(2007) characterized FurD in having high affinity transport for uracil. However, these 
allantoin and uracil transporters in A. nidulans are not closely related to isofunctional 
transporters DAL4 (allantoin) and FCY2 (uracil) in S. cerevisiae (Hamari et al., 2009). 
This would then suggest that these genes came about independently through convergent 
evolution. This may also be related to a rather recent finding in S. sensu stricto where 
there has been a formation of an allantoin utilization cluster, and in effect also suggests 
that Dal4 has arisen recently as a duplication of Fur4 (Wolfe, 2005; Hamari et al., 2009). 
Conversely, homologues of cytosine and purine transporters between A. nidulans (FcyB) 
and S. cerevisiae (Fcy2p) cluster together phylogenetically, which probably means a 
duplication of genes and then divergence before the splitting of Ascomycota into 
subphylums Saccharomycotina and Pezizomycotina (Hamari et al., 2009).  
In plants, AtNCS1 has shown the ability to transport adenine, guanine, and uracil 
as reported by Mourad et al., 2012. DNA analysis has placed the divergence between 
Arabidopsis thaliana and N. sylvestris into clades Rosids (A. thaliana) and Asterids (N. 
sylvestris) after their classification as Eudicots. This may suggest that duplication 
occurred before this divergence given that this study has shown that NsNCS1 transporters 
also have the same solute specificities as AtNCS1. In Mourad et al. (2012) a phylogenetic 
tree was created showing the relationship between the AtNCS1 protein and amino acid 
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sequences in other plants and microbes that may be orthologous proteins to AtNCS1. The 
tree shows the degree of similarity mirroring the same hierarchy of taxa in the plant 
kingdom (Mourad et al., 2012). Given these predicted relationships, other organisms 
including Chlamydomonas reinhardtii, Physcomitrella patens, and Zea mays are being 
characterized for their NCS1 solute specificities. Given the similar solute specificities 
between AtNCS1 and NtNCS1, this preliminarily suggests that NCS1 may be well 
conserved in amino acid similarity and function in plants, unlike the wide divergence 
seen in NCS1 evolution within fungi.  
 
The Relevance of Phylogenetics 
 Phylogenetics at its core studies the origin of history and life by examining how 
organisms have evolved using genetics. Perhaps the most obvious example of the 
importance of phylogenetics is its use in understanding the processes of evolution. In the 
past, tomato use to be named Lycopersicon esculentum. However, phylogenetics has been 
able to properly re-classify tomato and other species of this genus into the subclade 
Solanum (Soltis & Soltis, 2003). This type of knowledge is profoundly important for 
comes to plant breeders, plant biologists, molecular biologists, and geneticists. 
Phylogenetics can also clarify complex biochemical pathways such as nitrogen-fixing 
symbiosis, mustard oil production, and chemical defense mechanisms (Solits & Soltis, 
2003). While most have seen a phylogenetic tree showing the relatedness of certain 
organisms, the ways in which these trees can be used are sometimes surprising. The 
contribution phylogenetics has can be seen in medicine, agriculture, conservation, and 
even criminal investigations. In a 2010 paper published by Harris et al., the researchers 
report the possibility of being able to trace the lineage of methicillin-resistant 
Staphylococcus aureus (MRSA) intercontinentally and through a hospital environment 
from person to person.  
 Relating back to this study, constructing a phylogenetic tree for the NCS1 
transporters in plants based on functional analysis will allow comparisons of conserved 
sequences among organisms of different complexities. Conserved sequences found 
through these studies can possibly be aligned with higher organisms like mammals. 
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Eventually, finding NCS1-like genes in humans could be a possible route for targets in 
drug interaction. Ultimately, while mammals like humans have evolved highly form 
microorganisms and plants, studies such as this will reveal how related we actually are to 
other organisms.  
 
Conclusion 
 Heterologous complementation in yeast was done to reveal the solute specificities 
of NsNCS1 using three main types of experiments: toxic analog uptake, radiolabeled 
nucleobase uptake, and competitive inhibition studies. The results of these experiments 
are summarized in Table 1.  
 
Table 1. Summary of results.  
 
 
 
 
 
 
 
 
 
 
 
 
Solute NsNCS1 Uptake 
Adenine + 
Guanine + 
Uracil + 
Cytosine Possibly 
Hypoxanthine Possibly 
Xanthine Possibly 
Uric Acid Possibly 
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